Abstract: Technological improvements have shifted the focus from data generation to data analysis. The availability of huge amounts of data like transcriptomics, protemics and metabolomics raise new questions concerning suitable integrative analysis methods. We compare three integrative analysis techniques (co-inertia analysis, generalized singular value decomposition and integrative biclustering) by applying them to gene and protein abundance data from six life cycle stages of Plasmodium falciparum. We create a network view of the GO terms associated to cell cycle stages by all three methods.
Introduction
Continuous technological improvements facilitate the availability of huge amounts of data resulting from the simultaneous characterization of the same organism or experimental condition. It is possible to measure the activity of thousands of genes, hundreds of proteins and hundreds of metabolites. Only the integrative analysis of all data types yields a deeper understanding of the system under study.
Methods
In this work we concentrate on gene and protein data. Most of the current analysis techniques are based on the assumption of a direct correlation between genes and proteins. This assumption does not hold due to post-transcriptional and post-translational expression regulation processes. Here we compare three alternatives to conservative analysis techniques. Co-inertia analysis (CIA) is an integrative analysis method used to visualize and explore gene and protein data [1] . The generalised singular value decomposition (GSVD) [2] has shown its potential in the analysis of two transcriptome data sets. Integrative Biclustering (IBC) applies Biclustering [3] to gene and protein data. We compare CIA, GSVD and IBC by applying them to gene and protein abundance data of Plasmodium falciparum [4] . The data was gathered from samples in six life cycle stages of the parasite: merozoite, ring, trophozoite, schizont, gametocyte and sporozoite. For the comparison we add additional information in from of gene ontology terms related to biological processes.
Results
Using CIA we visualize in Figure 1 the six life cycle stages and GO terms in a 2D plane. Each cell cycle stage is represented by it's projection in gene (circles) and in protein (squares) space connected through a line. The smaller the line between the two projections, the higher the concordance between the gene and protein data sets. Here we observe a very good agreement between the two data sets for all cell cycle stages. We notice the strict separation of the intraerythrocytic life cycle (ring, trophozoite, schizont and merozoite) from sporozoite and gametocyte stages.
Additionally, CIA offers the possibility of projecting GO Figure 1 : Co-inertia analysis and GO terms association.
terms (represented by numbers) onto the CIA plot and to associate them to a certain cell cycle stage (see Figure 1 ). The association of GO terms to the life cycle stages was done as follows. GO terms with positive x coordinates were associated to the stages of the intraerythrocytic life cycle. Due to the very close spatial position of these four stages no further discrimination between GO terms was possible. GO terms with negative x coordinates are associated to the gametocyte stage if they have positive y coordinates and to the sporozoite stage if they have negative y coordinates. With GSVD we decompose the data sets in matrices with biologically meaningful interpretations (arraylets, generalized eigenvalues and genelets) and explore the processes captured by them. The genelets represent biological processes captured by the data sets and expressed in the corresponding arraylets with a relative significance measured by the generalized eigenvalues. GO terms are associated to cell cycle stages through gene/protein set enrichment analysis based on the cell cycle stage depended angular distances (see Figure 2 ). All cell cycle stages are associated with both gene and protein space resulting in a gene and protein set enrichment analysis of genes and proteins showing the highest absolute values in the corresponding arraylets. Biclustering was applied to the gene, protein, life cycle stages and GO terms. The six life cycle stages are represented in Figure 3 by the left set containing the green (gametocyte), brown (trophozoite), red (ring), dark blue (schizont), light blue (merozoite) and pink (sporozoite) squares. Different biclusters are represented by distinct edge colors.
The genes are colored in orange, the proteins in light blue and the GO terms in yellow. One can see that there are gene and proteins that strictly belong to one cluster (all edges of these nodes have the same color) as well as others that are associated to more than one bicluster (edges of these nodes have more than one color). GO terms are related to genes, proteins and cell cycle stages and they are connecting different biclusters.
We compare the results of the three integrative analy- Figure 4 GO terms association to cell cycle stages common to all methods. Cell cycle stages not belonging to the intraerythrocytic cycle are either completely disconnected from the other stages (sporozoite) or connected by only one node (gametocyte linked through glycolysis) to the rest. The cell cycle stages of the intraerythrocytic cycle are densely interconnected.
Discussion
We have started this analysis with 4294 genes, 2903 proteins and 248 GO terms measured and annotated during six cell cycle stages of P. falciparum. The results of all methods were examined and GO terms associated to cell cycle stages by all methods were summarized in a GO term/cell cycle association network with 34 nodes (cell cycle stages and GO terms) and 42 edges. In concordance with the literature we observe a strong connectivity between the intraerythrocytic cell cycles and a low or non connectivity to the other stages. Each method produces a vast amount of results which are tedious to interpret. Inspection of the common associations is not only faster but it is more reliable and relevant because the results undergo a triple validation. Figure 4 : GO terms association to cell cycle stages common to all methods.
